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The MiniBooNE experiment has recently reported an anomalous 4.5σ excess of electron-like events consis-
tent with νe appearance from a νµ beam at short-baseline. Given the lack of corresponding νµ disappearance
observations, required in the case of oscillations involving a sterile flavor, there is strong motivation for al-
ternative explanations of this anomaly. We consider the possibility that the observed electron-like signal may
actually be initiated by particles produced in the MiniBooNE beryllium target, without involving new sources
of neutrino production or any neutrino oscillations. We find that the electron-like event energy and angular dis-
tributions in the full MiniBooNE data-set, including neutrino mode, antineutrino mode, and beam dump mode,
severely limit, and in some cases rule out, new physics scenarios as an explanation for the observed neutrino and
antineutrino mode excesses. Specifically, scenarios in which the particle produced in the target either decays
(visibly or semi-visibly) or scatters elastically in the detector are strongly disfavored. Using generic kinematic
arguments, we extend the existing MiniBooNE results and interpretations to exhaustively constrain previously
unconsidered new physics signatures, and emphasize the power of the MiniBooNE beam dump search to further
constrain models for the excess.
The MiniBooNE and MiniBooNE-DM experiments detect
neutrinos and antineutrinos created in the Booster Neutrino
Beamline at Fermilab using a 445 ton fiducial volume min-
eral oil detector surrounded by 1280 photomultiplier tubes [1].
The beamline is capable of operating in three distinct modes:
neutrino, antineutrino, and beam dump. In neutrino and an-
tineutrino modes, the beams originate from the production and
subsequent decay of parent mesons (pi± and K±) created in
the interaction of 8 GeV protons with the beryllium target.
An electromagnet focuses positive (negative) parent mesons,
which usually decay-in-flight (DIF) in the downstream decay-
pipe, to produce the neutrino (antineutrino) beam. In beam
dump mode, the proton beam is directed off target to an ab-
sorber (dump) downstream, effectively limiting the produc-
tion of DIF neutrinos and antineutrinos, which can act as
backgrounds for exotic searches.
MiniBooNE has recently reported a 4.5σ excess (381.2 ±
85.2 events) of νe-like events in a neutrino mode search
for νµ → νe oscillations via charged-current quasi-elastic
(CCQE; νen → e−p) scattering inside the detector [2].
Combining this neutrino mode result with the related 2.8σ
(79.3± 28.6 events) MiniBooNE excess in antineutrino mode
[3] increases the significance of the anomaly to 4.8σ. (We
consider the neutrino mode results as representative of both
neutrino and antineutrino mode in this Letter.) If interpreted
as evidence of a sterile neutrino in a 3+1 mixing scenario,
these measurements are also consistent with the longstanding
3.8σ excess in νe appearance reported by the LSND collabo-
ration [4]; combining LSND and MiniBooNE results yields a
6.1σ discrepancy with respect to the 3ν Standard Model (SM)
prediction.
However, in light of several null oscillation results (for ex-
ample, see Refs. [5–9]), especially those with sensitivity to νµ
disappearance, the standard 3+1 sterile neutrino hypothesis is
strongly disfavored [10] and adding additional sterile flavors
only marginally reduces this tension [10, 11]. Given these
constraints, there is significant interest in alternative interpre-
tations of the MiniBooNE excess beyond models of neutrino
oscillations with additional sterile states.
Adding to this motivation, in recent years there has been
considerable attention devoted to exploring light weakly-
coupled particles at neutrino experiments. Indeed, such ex-
periments are powerful probes of dark matter (DM) [12–
16], dark photons [17], millicharged particles [18], and light
scalars [19, 20], to name just a few popular examples (see
[21–23] for reviews). Thus, it is natural to wonder whether
the MiniBooNE excess could be explained with light new
particles which decay or scatter inside the detector to mimic a
νe CCQE-like event satisfying MiniBooNE signal criteria.
In this Letter, we critically examine the possibility that new
particles beyond the SM could explain the anomalous Mini-
BooNE excess, without invoking neutrino oscillations. We
perform a model-independent analysis of decay and scattering
signatures initiated by physics unrelated to neutrino produc-
tion and propagation, and reach two main conclusions, based
on kinematic arguments alone:
1. The simplest new physics scenarios that can produce
events appearing as νe-like are characterized by a single
reconstructed electromagnetic (i.e. electron or photon,
which are indistinguishable at MiniBooNE) track with
visible energy Ee > 140 MeV, involving either
(a) a new unstable particle produced in the target, de-
caying visibly- or semi-visibly in the detector to
near-overlapping daughters reconstructed as a sin-
gle track, or
(b) a (quasi-)stable particle produced in the target,
which elastically scatters off a detector electron,
can in principle accommodate the reconstructed energy
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2distribution of the excess. However, these scenarios are
broadly ruled out by the measured angular distribution
of the tracks constituting the excess. This distribution
contains a significant number of electromagnetic tracks
with cos θe < 0.8 and neither of these simple processes
can explain this feature.
2. In principle, (quasi-)stable particles produced in the tar-
get which undergo inelastic processes with detector nu-
clei and create electromagnetic tracks (e.g. by upscat-
tering to a heavier state that decays to collimated e+e−
pairs or γγ, or by absorption followed by emission
of a photon) can explain both the energy and angular
distributions, since the kinematics are very similar to
true νe CCQE. However, new particle production from
neutral meson decays or continuum processes is ruled
out by the beam dump search from MiniBooNE [24],
which observed only two events in their electron-like
signal region (cos θe > 0.9 and 75 MeV < Evis <
850 MeV), consistent with background expectations.
These processes are accessible at nearly identical rates
with nearly identical spectra in both neutrino and beam
dump mode, so the only difference in event rate should
arise from the variation in collected POT between the
two runs. This explanation is inconsistent with the si-
multaneous observation of an excess in neutrino mode
and the null result in beam dump mode.
The only new physics models that satisfy all of these re-
quirements involve new interactions which mimic the inelastic
upscattering characteristic of CCQE kinematics, initiated ei-
ther by a neutrino or by a new particle X produced in charged
meson decays (pi± or K±; e.g. K+ → µ+νµX). For the
former case, one example of such a model is [25] in which
the νµ produced in neutrino mode couples to a light new vec-
tor and scatters inelastically off detector nuclei; each scatter
produces a new unstable particle which decays to collimated
e+e− pairs and fakes the signal νe CCQE electron. For the
latter case, we do not attempt to build an explicit model, but
point out that DM produced only in charged meson decays at
beam dumps is a novel scenario not typically considered in the
literature. In either case, if the excess is due to new physics, a
signal is guaranteed in MiniBooNE’s beam dump mode with
sufficiently high exposure due to the similarity of the charged
meson spectra shapes as compared to neutrino mode, so a null
result with a modest improvement in POT would suffice to
rule out these remaining explanations.
This Letter is organized as follows. We first apply con-
straints from the angular distribution of the MiniBooNE ex-
cess to rule out decay and elastic scattering explanations. We
then use the null results from the MiniBooNE beam dump
search to identify the conditions under which inelastic signa-
tures can be consistent with the data. Finally, we summarize
our findings and offer some concluding remarks.
Angular Distribution Constraints. We consider three can-
didate detector signatures from new particles produced in the
MiniBooNE target: unstable particles that decay to fully visi-
ble final states, unstable particles decaying to semi-visible fi-
nal states, and stable particles that scatter elastically off de-
tector electrons. The event selection criteria for the νe CCQE
search seeks to isolate single electron-like tracks with recon-
structed neutrino energy 200 MeV < E(reconst.)ν < 1250
MeV, determined from the outgoing electromagnetic track en-
ergy Ee and angle θe with respect to the beam axis by
E(reconst.)ν =
2mnEe +m
2
p −m2n −m2e
2(mn − Ee + cos θe
√
E2e −m2e)
. (1)
The measured spectra of E(reconst.)ν for the neutrino and an-
tineutrino mode excesses is shown in Fig. 1, and the angular
spectrum cos θe in neutrino mode is shown in red in Fig. 2.
For both new particle visible decay and elastic scatter-
ing, we will show that even when the electromagnetic en-
ergy deposited inside the detector mimics the νe CCQE sig-
nal and accommodates the energy spectrum of the excess,
the corresponding angular spectrum is always forward-peaked
(cos θe > 0.99), and therefore unable to explain the observed
angular distribution. The semi-visible decay scenario is able
to produce wider-angle events but is still strongly disfavored
by the shape of the angular distribution. As we will discuss
further below, the null results from the beam dump search can
be used to derive additional constraints on these simple mod-
els, assuming the production of new particles scales with the
number of protons on target (POT), but these constraints will
be somewhat model-dependent. The arguments presented in
this section are insensitive to the production mechanism and
based solely on kinematics.
Consider first the possibility that a long-lived neutral state
X is produced at the MiniBooNE target and survives to the de-
tector 541 m downstream, where it decays visibly to e+e− or
γγ. As has been pointed out in [25, 26], overlapping electro-
magnetic tracks from X decay can contribute to the observed
excess. The reconstructed energy of the track is equal to the
sum of the two track energies, Ee = E1 +E2, and the precise
opening angle θ12 at which two tracks can be distinguished
depends on the details of the track reconstruction procedure
[27, 28]; in this analysis we consider two tracks indistinguish-
able from a single track if
cos θ12 > 1− (30 MeV)
2
2E1E2
, (2)
which is motivated by MiniBooNE’s use of the two-track in-
variant mass variable
mtrack ≡
√
2E1E2(1− cos θ12), (3)
where θ12 is the angle between the two tracks andE1,2 are the
track energies; if mtrack < 30 MeV, MiniBooNE is unable
to distinguish e+e− or γγ pairs from single electrons [29].
This cut also ensures that such events do not appear in the
neutral-current pi0 event sample [30]. For the present scenario,
visible X decays would contribute to the CCQE excess if
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FIG. 1. The energy spectra of the MiniBooNE excesses in neu-
trino mode (red) [2] and antineutrino mode (blue) [3] presented in
terms of the reconstructed neutrino energy E(reconst.)ν from Eq. (1).
For the simple decay and elastic scattering scenarios described in the
text, we find that even when these processes accommodate the en-
ergy distributions here, they fail to match the angular profile of the
excess in Fig. 2. For the inelastic signatures described in the text, it
is possible, in principle, to accommodate both the energy distribu-
tion here and the angular distribution in Fig. 2, but such scenarios are
strongly constrained by the null results from the MiniBooNE beam
dump search in [24].
mX < 30 MeV. As described above, the reconstructed track
angle is weighted by the track energies; by momentum con-
servation, this sum is simply the original X 4-vector, which
must satisfy cos θe > 0.9999 in order for X to enter the Mini-
BooNE detector, a sphere of fiducial radius 5.75 m located
541 m away from the target. This is highly inconsistent with
the cos θe distribution of the excess (see Fig. 2), which shows
significant contributions from cos θe < 0.8. In particular, a
model which matches the size of the neutrino mode excess
(381.2 events), but predicts all events to have cos θe > 0.8
is incompatible with the observed excess of 150 ± 31 in this
bin (in consideration of statistical errors only; systematics and
bin-to-bin correlations are not available, noting that the angu-
lar resolution is 3-5◦ for 100-600 MeV electron energies in νe
CCQE events [28]).
Since new particles with fully visible decays necessarily
give forward-peaked energy depositions in conflict with the
angular distribution of the measured excess, we now consider
the possibility that the decay signature of a new unstable par-
ticle X features partially invisible final states. Decays to a
lighter invisible stateX ′ plus a single charged particle are for-
bidden by charge conservation, and X → X ′ + pi0, where the
resulting γγ is reconstructed as a single track, would create a
large two-track excess not seen in the neutral-current pi0 anal-
ysis [30]. Thus, the dominant allowed channel is a two-body
decay where X decays into a lighter dark-sector state X ′ and
a photon (X → X ′ + γ). Since the electromagnetic tracks
must be well-collimated to contribute to the excess, our argu-
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FIG. 2. Angular distributions for semi-visibly decaying particles
X → X ′ + pEM , where X ′ is invisible (with mX′ = 0) and pEM
is the electromagnetic energy deposition in the MiniBooNE detector,
which is chosen to fit the energy distribution of the neutrino mode
excess shown in Fig. 1. The energy spectrum of X determines its
boost and angular distributions, the latter of which is plotted here for
variousmX . The observed angular distribution of the νe excess from
[2] is shown in red. Note that choosing mX′ = 0 here is conserva-
tive because heavierX ′ make it more difficult to generate wide-angle
visible energy. The semi-visible decay hypothesis is strongly disfa-
vored by the angular distribution regardless of mX , as indicated by
the χ2 values (based on statistical errors only) for each mass.
ment applies equally well to decays with more final state par-
ticles than just a single photon, where γ now represents colli-
mated electromagnetic energy. In what follows we will treat
this scenario as a quasi-two-body decay, where the electro-
magnetic energy is considered as a single 4-vector pEM with
0 ≤ p2EM ≤ (30 MeV)2.
In the X rest frame, the electromagnetic energy is EEM =
(m2X − m2X′)/2mX . Electromagnetic energy with small in-
variant mass compared to the beam energy, emitted backwards
in the X rest frame, will be boosted to very small lab-frame
energies,
EEM, lab ≈ m
2
X −m2X′
2mX
γ(1− β), (4)
where γ and β are the boost and velocity of X , respec-
tively. This will make it difficult for such an event to pass
the Ee > 140 MeV selection for the νe-like excess unless the
mass splitting between dark statesm2X−m2X′ is large to make
up for the (typically very small) 1− β factor.
To illustrate the difficulty, we perform a Monte Carlo sim-
ulation of X → X ′ + pEM where the boost distribution of
X is constructed to exactly reproduce the observed νe excess
shown in Fig. 1. Since unpolarized two-body decays are only
a function of the invariant masses m2X′ and p
2
EM, the matrix
element is isotropic in the rest frame,1 so sampling from a
1 If parity is violated in X decays, the matrix element may be anisotropic.
4uniform angular distribution in the X rest frame and boosting
according to the distribution inherited from the energy spec-
trum determines the lab-frame kinematics. We see that for
mX′ = 0, the angular distributions are discrepant with large
χ2, regardless of mX . The minimum χ2 value as a function
of mX was found for mX = 350 MeV, which is still strongly
disfavored with χ2/dof = 40/10. Attempting to match the
highest cos θe bin only increases the discrepancy in the lowest
cos θe bin, as shown by the mX = 1800 MeV points.
The challenge of reproducing the angular distribution is
only exacerbated for mX′ > 0 by the arguments surround-
ing Eq. (4). These kinematic arguments hold even if multiple
invisible daughters X ′i are produced in X decay, since the in-
variant mass of the final-state invisible 4-vector must be non-
negative. We thus conclude that semi-visible decays are also
inconsistent with the MiniBooNE data.
Finally, we consider the possibility that the excess could
be due to new particles that are stable on beamline length
scales. Such particles could be produced in proton-target in-
teractions and subsequently scatter in the detector, mimicking
the νe CCQE signal. Here we find that if these signatures
arise from elastic scattering, there is generic tension with the
angular distribution of the excess.
For a (quasi-)stable new particle X of mass mX to interact
elastically and mimic a νe CCQE signature, it must scatter off
electrons via Xe− → Xe− to yield visible electromagnetic
energy in the final state. For an incident X with energy EX ,
the track angle θe of the scattered electron with total track
energy Ee is uniquely specified by the masses and energies
cos θe =
EXEe −me(EX +me − Ee)√
(E2X −m2X)(E2e −m2e)
, (5)
so in the relativistic limit, which is appropriate for beam dump
mode where mX  EX and me  Ee, we have
cos θe = 1−me
(
EX − Ee
EXEe
)
+O
(
m2e
E2e
)
. (6)
Since MiniBooNE’s selection requires track energies Ee >
140 MeV and EX > Ee by energy conservation, this pro-
cess always yields cos θe > 0.99 with no support for tracks
with cos θe < 0.8, which are required to explain the excess.
Thus, obtaining a broader angular distribution requires scat-
tering off nucleons or nuclei. However, elastic X scattering
off a nucleus does not yield any final state electrons, so any
viable scattering-based explanation must generate the signal
through inelastic electron or photon production to mimic a νe
CCQE final state.
In principle the above argument could fail if X is non-
relativistic and the expansion in Eq. (6) is not valid. However,
However, this effect does not change any of our qualitative conclusions
requiring mX  mpi0 ,mK in order to improve the fit to the angular dis-
tribution. Since such heavy particles can only arise in continuum processes
at MiniBooNE (e.g. proton bremsstrahlung), this possibility is strongly
constrained by the beam dump results from Ref. [24] discussed below.
in order for elastic Xe− scattering to produce a wide angle
electron track cos θe ∼ 0, the numerator of Eq. (5) requires
Ee ∼ me, which is inconsistent with the Ee > 140 MeV
selection requirement in neutrino mode. Note that even if
the selection criteria were more permissive, for typical Mini-
BooNE beam energies X can only be non-relativistic for
mX & GeV, and therefore must be produced by a contin-
uum process (rather than from meson decay), which is ruled
out by the beam dump constraints discussed below.
Beam Dump Constraints. We now consider a variation on
the scattering signature discussed above. As noted in [25],
for example, (quasi-)stable particles undergoing inelastic pro-
cesses involving nuclei can explain the observed angular dis-
tribution. However, for this scenario, there are significant con-
straints from the MiniBooNE beam dump search, the null re-
sult of which rules out this explanation for the excess unless
the production of these new particles can be somehow greatly
suppressed in beam dump mode compared to neutrino mode.
The MiniBooNE-DM collaboration has recently announced
results from a new beam dump search for sub-GeV DM par-
ticles with 1.86 × 1020 protons on target (POT) [24], about a
factor of 7 less than the neutrino mode run with identical pro-
ton energy. In beam dump mode, the protons are steered away
from the beryllium target and delivered directly to the steel
beam dump 50 m downstream. The absence of a downstream
decay volume for the parent mesons in this configuration
significantly reduces and softens the neutrino flux, thereby
improving MiniBooNE’s sensitivity to exotic, non neutrino-
oscillations signatures.
The results reported in [24] are presented in terms of sub-
GeV DM particles, which are produced in the steel beam
dump through cascades from rare pi0/η decays and proton
bremsstrahlung. These processes first yield an on-shell, ki-
netically mixed dark photon V (either via pi0/η → V γ or
pN → pNV where N is a target nucleus) which then de-
cays to boosted pairs of DM particles. Finally, a DM particle
enters the detector and scatters elastically with an electron to
produce a final-state electron track. After applying the selec-
tion criteria outlined in [24], the collaboration reports no ex-
cess signal events above background expectations. Since the
selection is sufficiently similar to the neutrino mode CCQE
signal definition (i.e. one isolated electromagnetic track with
Ee > 75 MeV and cos θe > 0.9), this search can be used
to place limits on any non-neutrino physics originating from
the target. In both modes, the neutral meson (pi0/η) distri-
butions are similar, with negligible differences in shape aris-
ing from the composition of the target nuclei. Similarly, the
bremsstrahlung distributions are expected to be identical, de-
spite the different target compositions [31], which informs po-
tential production mechanisms from either ordinary or “dark”
bremsstrahlung of a new gauge boson like V .
This result immediately implies stringent constraints on
any new particle X produced from neutral meson decay or
bremsstrahlung. Since the flux is essentially identical in beam
dump and neutrino modes, excepting the different target-to-
detector (541 m) and dump-to-detector (487 m) distances, a
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FIG. 3. Top: Boost distributions of charged pions (blue) and charged
kaons (red) at MiniBooNE in both neutrino (solid) and beam dump
mode (dashed). The distributions are normalized to the correspond-
ing exposures, 12.84×1020 POT for neutrino mode and 1.86×1020
POT for beam dump mode. Bottom: Ratio of neutrino mode pro-
duction to beam dump mode production for DIF (circles) and DAR
(stars).
signal in one mode is also expected in the other, with the rate
simply scaling with POT. As described in [24], applying the νe
CCQE selection to the beam dump data yields a deficit of 2.8
events (with 6 observed events), while an excess of 35.5±7.4
events would have been expected based on the combined neu-
trino and antineutrino mode excesses. With production via
neutral meson decay or bremsstrahlung therefore ruled out by
4.8σ [24], if a new particle X is responsible for the Mini-
BooNE excess, it must be created via charged meson decay.
Indeed, the size difference of the neutrino and antineutrino
mode excesses might suggest a mechanism originating from
charged mesons, since neutral meson and bremsstrahlung pro-
duction are identical regardless of the beam magnet polarity.
Fig. 3 shows the Lorentz boost (γ) distributions for pi±
and K± in both neutrino and beam dump mode, normal-
ized to the accumulated POT for each. These boost distribu-
tions were made using a detailed Geant4 [32] simulation of
the Booster Neutrino Beamline incorporating all relevant ele-
ments [1, 33]. We see that the shapes of the DIF portions of the
spectra are extremely similar, but the flux of charged mesons
is reduced by a factor of ∼100 in beam dump mode due to
the lower intergrated POT and suppressed off-target produc-
tion. The boost distributions shown in Fig. 3 were made
with the FTFP BERT physics list in Geant4, but we veri-
fied the similarity between the DIF spectra in neutrino mode
and beam dump mode using predictions from the QGSP BERT
and QGSP BIC physics lists as well.
If the kinematics of a proposed signal model require a sig-
nificant boost from the charged mesons, as in the model of
[25] where a νµ upscatters to a heavy state ND with mass
∼320 MeV, the signal will arise from the DIF component and,
with similar scaling of the background, the expected total ex-
cess in beam dump mode would be 381/100 ∼ O(4) events,
with about half of these events passing the cos θe > 0.9 re-
quirement as shown in Fig. 2. However, due to the different
selection between the dark matter search in beam dump mode
and the νe CCQE search in neutrino mode, the precise expec-
tation for the event rate may differ byO(1) factors, so with the
current data set it is not yet possible to exclude such explana-
tions; these remarks apply equally well to the similar model
in [26].
On the other hand, if the signal model had lower kinematic
thresholds and could explain the excess with decay-at-rest
(DAR) charged mesons, for which the POT-normalized flux
in the two modes only differs by a factor of∼5, the signal rate
would be a factor of∼20 higher, and would be firmly ruled out
by the beam dump search. These considerations can of course
be made more precise for any particular model, but regardless
of this selection, all such explanations could likely be con-
firmed or ruled out with an improvement of only a factor of a
few in POT in beam dump mode. We emphasize that the con-
straints described in this section hold regardless of whether
the chosen model matches the angular distribution or not, and
serve as additional constraints on the models discussed in this
Letter.
Conclusions. In this Letter, we have shown that expla-
nations for the longstanding MiniBooNE excess which in-
voke new physics are severely constrained by the angular dis-
tribution of electromagnetic tracks and the null result from
the recent beam dump search. We have presented model-
independent arguments against a variety of possible alterna-
tive, non neutrino-oscillations explanations, including new
particle visible decays, semi-visible decays, and elastic scat-
tering. While models invoking inelastic processes between
a new (semi-)visibly decaying particle and a nuclear target,
which mimic a νe CCQE signal, can survive the beam dump
constraints, a modest increase in beam dump mode POT can
rule out all such models if no excess events are observed. We
encourage the MiniBooNE collaboration to pursue this search
with additional beam dump data [34], which will shed further
light on the source of the excess.
Although our analysis has emphasized new particles pro-
duced in the target, our conclusions also hold even in non-
oscillation scenarios where the hypothetical signal is initiated
by beam neutrinos with additional (beyond SM) interactions
– for examples, see the models in [25, 26], which satisfy
all the viability requirements outlined here. Finally, we note
that it is generically difficult to explain the LSND and Mini-
BooNE anomalies as mutually consistent, perhaps sourced
from the same new physics, without invoking neutrino os-
cillations. Along with the kinematic differences between the
representative electron-appearance-like events (<53 MeV in
LSND and 200-475 MeV in MiniBooNE), the signals are
completely different. Unlike MiniBooNE, LSND’s signal
(ν¯ep → e+n) selection requires a double-coincidence event
featuring a prompt positron followed by a 2.2 MeV neutron
6capture on hydrogen, which is difficult to mimic by other
kinds of new physics processes, including those considered
here and in the specific models of [25, 26].
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